The exhaust plume of the Space Shuttle during its ascent triggers acoustic waves which propagate through the atmosphere and induce electron density changes at ionospheric heights which changes can be measured using ground-based Global Positioning System (GPS) phase data. Here, we use a network of GPS stations to study the acoustic wave generated by the STS-125 Space Shuttle launch on May 11, 2009. We detect the resulting changes in ionospheric electron density, with characteristics that are typical of acoustic waves triggered by explosions at or near the Earth's surface or in the atmosphere. We successfully reproduce the amplitude and timing of the observed signal using a ray-tracing model with a moving source whose amplitude is directly scaled by a physical model of the shuttle exhaust energy, acoustic propagation in a dispersive atmosphere and a simplified two-fluid model of collisions between neutral gas and free electrons in the ionosphere. The close match between observed and model waveforms validates the modelling approach. This raises the possibility of using ground-based GPS networks to estimate the acoustic energy release of explosive sources near the Earth's surface or in atmosphere, and to constrain some atmospheric acoustic parameters.
I N T RO D U C T I O N
Sufficiently energetic atmospheric explosions are known to trigger infrasonic acoustic and gravity waves that can travel large distances (e.g. Yamamoto 1956; Widmer & Zürn 1992; Zürn & Widmer 1996) . These waves can be directly observed with ground-based infrasound arrays (e.g. Brown et al. 2002) , whose data can then be used to determine their source location and energy (e.g. Garces et al. 2004) . As these perturbations propagate up to ionospheric heights, the neutral particle flow couples with the ionized plasma, inducing fluctuations of the ionospheric electron density. These perturbations can then be detected using a variety of ground-or space-based observation systems (Blanc 1985) .
The Global Positioning System (GPS) provides a straightforward and relatively inexpensive way of measuring the ionospheric total electron content (TEC), as the inter-frequency delay of the signals transmitted from the satellite constellation to ground receivers is proportional to the integral of electron density along the line of sight path (Klobuchar 1985) . Calais & Minster (1996) first showed the potential of this method to detect ionospheric perturbations caused by shallow earthquakes. Since then, powerful mine blasts , rocket ascents Afraimovich et al. 2002) , volcanic explosions (Heki & Ping 2005; Dautermann et al. 2009a ) and tsunamis (Artru et al. 2005; Occhipinti et al. 2006) have been detected using ground-based GPS measurements of the ionospheric TEC. The development of permanent networks of densely spaced and continuously recording GPS stations further allows for the investigation of such ionospheric perturbations at higher spatial and temporal resolution than currently possible with any other technique (Calais et al. 2003; Garrison et al. 2007) .
The theories that link an explosive source to its associated atmospheric acoustic wave and the resulting ionospheric perturbation are relatively well known. Neutral flow can be simulated using ray tracing (e.g. Virieux 1996; Brokešová 2006) or normal mode summation (e.g. Lognonné et al. 1998; Kobayashi 2007; Dautermann et al. 2009b) . Since viscous losses are near zero for acoustic waves with very low frequencies, their amplitude increases quasi-exponentially with decreasing atmospheric density so that energy is conserved. This amplification factor can reach 10 4 for near-surface sources. Therefore, atmospheric acoustic waves of relatively small amplitude at ground level can attain significant amplitude in the upper atmosphere. At ionospheric heights, the coupling between the neutral acoustic wave and free electrons can be calculated, assuming that charged particles follow the motion of neutral gas through collision interactions (Davies & Archambeau 1998) using the Navier-Stokes equation of magneto-hydrodynamics (e.g. Boyd & Sanderson 2003; Kherani et al. 2008) . Dautermann et al. (2009a,b) applied these theories to model the ionospheric perturbation caused by the July 2003 Montserrat volcanic explosion and used GPS measurements of the associated TEC perturbation to estimate the explosion source energy. Here, we use a modified version of their approach to model the TEC perturbation caused by the May 11, 2009, STS-125 Atlantis space shuttle launch. The model is constrained by GPS data from a network of GPS stations in the Caribbean and along the eastern seaboard of the United States. We find that both the amplitude and timing of the observed signal are well reproduced using a moving point source, a dispersive atmosphere and a simplified two-fluid approach to electron excitation that only takes into account collisions between neutral gas and free electrons in the ionosphere.
T H E S T S -1 5 S PA C E S H U T T L E L AU N C H
On May 11, 2009, the space shuttle Atlantis launched from Cape Canaveral, Florida, on mission STS-125. The shuttle lifted off at 18:01:55 UTC and initially followed a near-vertical trajectory until ejection of the solid rocket boosters (SRBs) at 18:04:00 (Fig. 1) . It then continued to accelerate for about 5 min in near horizontal flight at an altitude between 90 and 120 km with a trajectory slightly north of east until main engine cutoff at 18:10:20 UTC (Fig. 2) . At that point, the shuttle ejects its main fuel tank and translates its excess kinetic energy into altitude until reaching a final orbit at 559 km. During the acceleration phase, the expansion of super heated exhaust from the shuttle engine represents an energy source of about 2 × 10 12 J. This triggers acoustic waves in the atmosphere, which eventually couple with free electrons and ions as they reach ionospheric height.
Perturbations of the ionospheric electron content caused by rocket launches have long been detected using ground-based measurements (e.g. Fehr 1968; Arendt 1971) . Tolstoy et al. (1970) report Figure 1 . Profiles of the shuttle velocity (solid) and altitude (dashed) during ascent as a function of time. In order to maximize fuel efficiency, the shuttle ascends to approximately 100 km altitude, jettisons its SRBs and accelerates horizontally until main engine cut off. It then translates its excess kinetic energy into altitude until reaching its desired orbit. Most of the point source locations used in this work lie in the region of horizontal acceleration between 18:04:00 and 18:10:20 UTC. a shock front propagating with a horizontal phase velocity of 700 to 800 m s −1 after an Apollo launch. More recently, Noble (1990) detected the ionospheric perturbation caused by the STS-4 space shuttle launch using incoherent scatter radar data from Arecibo. They found multiple arrivals of energy at different times, with dominant periods of 15 and 75 min, and determined that the most likely source region was coincident with the trajectory as it accelerates horizontally at about 110 km height. Jacobson & Carlos (1993) used ionospheric Doppler sounding data to study five space shuttle launches and report three successful detections of the associated ionospheric perturbation. They observed two arrivals separated by about 10 min, which they associated with the direct arrival of an acoustic wave and the reflected signal off the ground, respectively. Li et al. (1994) used very-long-baseline interferometry and the MARECS-B beacon satellite to observe Faraday rotation induced by space shuttle launches. They report ionospheric TEC perturbations up to 9.6 × 10 23 electrons m −2 in amplitude, with dominant periods in the 50-150 s band. Calais & Minster (1996) were the first to use GPS data to detect the ionospheric perturbation caused by a space shuttle launch. Their observation geometry had minimal spatial coverage, with one station and two detections. They report an acoustic perturbation with a dominant frequency of approximately 4 mHz and two arrivals separated by about 15 min. They speculated the second arrival to result from the ducting of the acoustic perturbation in a low-velocity waveguide between the mesopause and thermocline. A more recent study by Afraimovich et al. (2002) , also using ground-based GPS data, showed similar results. These recent studies were, however, based on very few observations. In addition, they did not attempt to explain the observations through a physical model of the acoustic wave propagation and its coupling with the ionospheric plasma.
DATA ANALYSIS

GPS trans-ionospheric sounding
The GPS constellation transmits on two frequencies in the L-band (f 1 = 1575.32 MHz and f 2 = 1227.60 MHz). As they propagate through the ionosphere, these signals experience a frequencydependent phase advance that is proportional to the density of free electrons along the ray path (Klobuchar 1985) . The path integral of electron density along the satellite-receiver line of sight, commonly referred to as TEC, can be directly computed from GPS phase observables 1 and 2 between satellite s and ground receiver r using
where constant A = 40.3 m 3 s −2 , f 1 and f 2 are the carrier frequencies of the GPS signals and c is the speed of light (Calais & Minster 1996) . Parameters n, b r and b s are phase ambiguities and hardwarespecific code delays that can be estimated from the data (Mazzella et al. 2002; Ma & Maruyama 2003) for absolute TEC calculation. They are not considered in the present analysis because they are constant over a satellite arc and we are interested in relative variations of TEC rather than absolute TEC. All GPS stations used in this study were recording at a sampling interval of 30 s, which is therefore the sampling interval of the resulting TEC time series.
We isolate the acoustic perturbations of interest by filtering the raw TEC using a zero-phase fourth-order Butterworth filter with a passband between 2.1 mHz (the acoustic cutoff frequency calculated from the MSIS-E-90 atmosphere model; Hedin 1991) (the half Nyquist frequency for a GPS sampling rate of 30 s). We assign each TEC measurement to an ionospheric piercing point (IPP), defined as the intersection between the receiver-satellite line of sight and the altitude of greatest electron density (e max ). For this study, this altitude is 281 km, as determined from the International Reference Ionosphere at the time of the observations (Bilitza 2001) . The projection of the IPP onto the Earth's surface is referred to as the sub-ionospheric point (SIP).
Observations
We use GPS data from 43 stations located along the eastern seaboard of the United States and in the northeastern Caribbean to calculate filtered TEC time series, as described above. This represents a total of 231 observations, given the GPS satellites available at the time of the STS-125 space shuttle launch. From this data set, we find clear detections of an ionospheric perturbation at the expected time for 14 GPS stations and three satellites (space vehicles (SV) 12, 14 and 22) (Fig. 2) . We extracted the shuttle position from the ascent/descent best estimate of trajectory (A/D BET) data product (Navigation & Flight Design Integration Group 2007) . Position errors are fractions of a metre, much smaller than the relevant spatial scales of our work (sound speed ×30 s).
The acoustic perturbations begin between 10 and 20 min after their corresponding point sources (Fig. 3) , with a first arrival time that increases with distance from the source (point of closest approach between the shuttle track and the IPP, see below). Observations show an initial wave arrival characterized by oscillations periods around 180 s and amplitudes several times above the noise level. At some stations, a second arrival (second wave train) is detected about 15 min after the first one, with slightly lower periods. The spectrogram of the stacked signal at collocated stations MIA3 and MIA4 (Fig. 4) clearly shows these two distinct wave packets, separated by about 15 min. The first arrival has dominant frequencies between 2.5 and 5 mHz and most likely corresponds to the dominant acoustic modes of the atmosphere at 3.68 and 4.4 mHz (Watada 1995) . The second wavetrain shows a slightly higher dominant frequency. Dautermann et al. (2009b) showed that this double wavetrain, reported after several atmospheric explosions, results from the beat of the dominant atmospheric modes and is not a source or reflection effect.
Plotted in the distance-time domain ( we find a best fit horizontal phase velocity for the first arrivals of 716 ± 73 m s −1 for satellite 12, 596 ± 123 m s −1 for satellite 14 and 632 ± 61 m s −1 for satellite 22. These phase velocities of ionospheric perturbations, similar to those found after other atmospheric explosions (Noble 1990; Li et al. 1994; Calais & Minster 1996; Afraimovich et al. 2002; Table 1) , are consistent with sound speed in the upper atmosphere.
Peak-to-peak amplitudes range between 0.16 and 0.65 TECU (1 TECU = 10 16 electrons m −2 ), comparable to that obtained from previous studies of rocket launches (Table 1) . Amplitudes do not show a simple relation with distance to the source because the efficiency of the coupling between the neutral wave and free electrons depends on the angle between the wave vector and the geomagnetic field vector. Electrons travel preferentially along magnetic field lines (Georges & Hooke 1970) so that the coupling can be described by cos(θ), where θ is the angle between the neutral wave vector and the magnetic field direction . Although many SIPs are located north of the shuttle track, these lie in an area where the wave vector is largely perpendicular to the magnetic field, hence where the coupling efficiency is low. This is evident in the low-amplitude TEC perturbation recorded for the SG05-SV12 receiver-satellite pair (Fig. 3) , whose IPP is the closest to the shuttle track but also located north of it.
Overall, these observations are very similar to those reported by Calais & Minster after the STS-58 space shuttle launch, with much greater spatial resolution. Signals recorded on satellite 12, which show strong detections across 13 of the GPS stations, will serve as the basis for much of the modelling portion of this paper.
M O D E L L I N G
Theory
In order to simulate the ionospheric perturbations caused by the shuttle launch, we generalized the approach developed by Dautermann et al. (2009a) for a volcanic explosion point source to a moving point source. Indeed, because the speed of the shuttle is much greater than the speed of sound in the atmosphere, we can treat the wave to first order as quasi-cylindrically spreading with wave vectors perpendicular to the shuttle trajectory (Li et al. 1994) . We can then approximate the source as the point of closest approach between the shuttle and the IPP (Calais et al. 1996) .
We simulate the pressure wave by a set of 180 rays launched at takeoff angles from 0 to 90
• (Fig. 6) . The atmospheric refractive index, proportional to sound speed, is derived from the MSIS-E-90 atmospheric model (Hedin 1991) . The ray tracing takes into account 2-D geometric spreading where, in an isotropic medium, acoustic intensity decreases as 1/R. This is accurate for a cylindrically spreading source, which the shuttle approximates due to its very high velocity.
We use an N-wave source function (first derivative of a Gaussian) following Afraimovich et al. (2002) and Dautermann et al. (2009a) , described by where v is the particle velocity of the neutral acoustic wave, t o time of maximum displacement and σ the initial pulse width. We scale the input source amplitude by
where C is a constant. We calculate C using a physical model of the acoustic waves produced by a shuttle ascent. Li et al. (1994) show that the acoustic pressure overburden for a cylinder of hot expanding gas (shuttle exhaust) is given by
where V shuttle is the speed of the space shuttle, V o the shuttle exhaust speed (≈3.2 km s −1 ; Li et al. 1994) and p o the ambient pressure. Acoustic pressure p and particle velocity are related via the specific acoustic impedance Z of the material (Ford 1970) following
where ρ is the air density at the altitude considered. We can relate the maximum particle velocity of the N wave to the maximum pressure p o (or pressure overburden) using
Parameters ρ, c and p o are obtained or derived for a given altitude from spatially and temporally specific atmospheric reference models. Once scaled, we can numerically integrate eq. (3) to obtain a value for C. Dauterman et al. (2009a) showed that the propagation of the neutral wave requires accounting for atmospheric dispersion, with the time evolution of the pulse width that can be approximated as σ (t) = √ a + bt. Parameter a describes the initial width of the pulse, while b describes the broadening of the pulse as the acoustic wave propagates. Following Dautermann et al. (2009a) , we set the initial pulse width at a = 1 s, scale the source function as described above for each individual satellite-receiver pair based on the shuttle velocity and the altitude at the point source, and allow b to vary in order to best fit the observations. This leads to the shape and amplitude of the synthetic waveform, which we calculate at the intersection between rays and satellite-receiver lines-of-sight.
We then calculate the electron density perturbation caused by the neutral pressure wave using a simplified two fluid version of the Navier-Stokes magneto-hydrodynamic equation (Boyd & Sanderson 2003) :
which relates the electron particle velocity v e to the neutral particle velocity u via electron mass density ρ e , pressure p, gravity g, electron density N, electron charge e and electron-neutral collision frequency ν en . ν en is calculated as a function of electron temperature and neutral gas density (Dautermann et al. 2009a) . We use an electron density profile from the International Reference Ionosphere (Bilitza 2001) to calculate N and the International Geomagnetic Reference Field (Maus & Macmillan 2005 ) to obtain B. We finally integrate the electron density perturbations computed at every intersection between acoustic rays and satellite-receiver lines-ofsight to obtain the synthetic signal that we compare to the observed, GPS-derived, TEC perturbation.
Results
We applied the aforementioned model to the calculated point source for each receiver with strong detections by satellite 12. The sound velocity, electron density and geomagnetic field are derived from reference climatological models and are specific to the latitude, longitude, date and time of the observations. The ray tracing shows that only a portion of source energy propagates to the altitude of e max (about 281 km), typical of the ray pattern produced in a medium where sound speed increases with height (Ford 1970) . Waves with takeoff angles between 43
• and 90
• reach or exceed e max , gradually turning towards the horizontal and bending back towards the Earth. Waves with takeoff angles between 31
• and 43
• propagate upward but are bent back towards Earth before reaching e max . Below 31
• , rays are either ducted in the low-velocity channel between the mesopause and thermocline, or are reflected between the Earth's surface and the mesopause. Because a significant portion of the initial source energy does not propagate to detectable altitudes, models that fail to take into account a realistic sound speed profile for the atmosphere are likely to underestimate the initial source amplitude by several orders of magnitude.
As mentioned above, we varied parameter b so as to best match the synthetic waveforms to the observed ones. The fit between observed and modelled TEC time series is quantified using the following chisquared function:
where M is the total number of samples, y i is the envelope of the observed signal, y(b) the envelope of the modelled signal and σ i the measurement uncertainty. We assumed a constant measurement at ENS BIOLOGIE on January 17, 2013
http://gji.oxfordjournals.org/ Downloaded from error σ i = 0.0249 TECU, derived from the variance of the observed TEC signal in the 2.2-8 mHz frequency range in the absence of the acoustic perturbation. The best fit (Fig. 7) is obtained for b = 0.131, close to the value found by Dautermann et al. (2009a) for a volcanic explosion (b = 0.128). The resulting model waveforms match the observed ones well. Since we are using a point source model to synthesize the acoustic wave produced by a moving source, we are, however, limited to reproducing the initial part of the waveform. Its later evolution is likely to reflect processes unaccounted for in the model, such as a source more complex than the simple N wave used here, waves arriving from different locations along the shuttle track, waves ducted through low-velocity zones of the atmosphere, unmodelled lateral variations in the sound speed profile, or excitations of lower velocity modes of the atmosphere.
The peak-to-peak amplitudes of modelled detections range from 0.23 to 0.71 TECU, with a mean difference of 0.067 TECU from observed values. The calculated amplitude evolution across the array matches well that of the observations. The timing of first arrivals closely fits observations as well, with a maximum difference of 120 s and a mean of 27 s. The simulated wave moves across the GPS array with a horizontal phase velocity of 757 ± 92 m s −1 , close to the observed move-out velocity (Fig. 8) . We applied the same model parameters for satellite 12 (including parameter b defined above) to detections on satellites 14 and 22 and found a similar agreement between simulated and observed waveforms (Fig. 7) .
D I S C U S S I O N
Model uncertainties
Modelling results in this work are sensitive to several input parameters. The electron density as a function of altitude (e(z)) determines the height of the IPP, hence the location of point source, which, in turn, maps into the source function amplitude. Inaccuracies in e(z) therefore affect both the arrival time and amplitude of the model results. To first order, a change z in the altitude of e max corresponds to horizontal change of IPP location of x = z/tan θ e where θ e is the satellite-receiver elevation angle. For example, for satellite 12, a change of ±10 per cent in the altitude of e max (28.1 km) modifies the horizontal location of the IPPs by about 50 km, the arrival time by about 70 s and the signal amplitude by ±3 per cent. Figure 8 . Distance from the source at the time of first arrival (stars = model, squares = observed) and best fit move-out velocities using a plane wave assumption plotted for the calculated (solid line) and observed (dashed line) waves. The model fit has a slightly later origin time than the observations, but a faster wave speed, resulting in a very small difference at most sites.
Our modelling procedure uses a 1-D atmosphere with sound speed derived from temperature assuming hydrostatic equilibrium (Beer 1974 ). It does not account for lateral heterogeneities, or wind (which can reach up to 100 m s −1 in the upper atmosphere), which would both affect the ray tracing. Using the HWM-93 empirical wind model (Hedin et al. 1996) , we, however, find that horizontal wind speed at the altitude of e max is only 8.3 per cent of the sound speed. We ran our model with a sound speed profile altered by ±8.3 per cent and found, for satellite 12, arrival times that varied at most by ±56 s, depending on the distance from source to detection. Therefore, uncertainties in the MSIS-E-90 sound speed and International Reference Ionosphere models used here do not significantly affect our results.
The model also neglects the contribution of shock waves produced by the supersonic motion of the shuttle, whose amplitude depend on the shape, mass and velocity of the vehicle. In an ideal gas, the dynamic pressure of a supersonic shockwave varies as Clancy 1975) . Because pressure increases as the square of velocity, it is probable at high speeds that the dynamic pressure due to the supersonic shock would be greater than the pressure overburden due to the expansion of shuttle exhaust. However, non-linear shock waves decay rapidly with distance (Clancy 1975) and do not provide an accurate estimate of what the initial amplitude of the acoustic wave that propagates to far field should be. Additionally, it is likely, although not explicitly stated, that the Li et al.'s (1994) source model used here is calibrated to match the total acoustic energy release of the shuttle during ascent (including both exhaust and shock components). Finally, our model only takes into account electron-neutral particle interactions, neglecting ion-electron and neutral-ion interactions which may play an important role in inducing free electron oscillations in the ionosphere (Kherani et al. 2008) . This can occur in two ways: neutral-ion collisions followed by ion-electron collisions; and neutral-ion collisions inducing localized currents which, in turn, result in free electron flows. The former may be negligible because the rate of neutral-ion collisions in the ionosphere is two orders of magnitude lower than the rate of neutral-electron or electron-ion collisions. The effects of induced currents in relation to this study are currently unquantified, but we speculate that the results would be (1) a delay introduced in the synthetic TEC signal relative to current arrival times, which likely would not be significant for the 30 s sampling interval used here, and (2) an increase in amplitude of the observed oscillations. Nonetheless, the close match in amplitude (greater than 90 per cent) and timing of observations implies that a simplified two-fluid approach neglecting the electric field is suitable to simulate GPS-TEC signals caused by explosions in the experimental geometry used here. Dautermann et al. (2009a) developed the ray-tracing modelling approach on which we based our work in order to estimate the energy released by a volcanic explosion. However, they had no independent way of verifying the accuracy of their result. Here, we know the source energy a priori from a physical model of the excitation of acoustic waves by a rocket exhaust plume, with maximum pressures determined by the vehicle velocity, altitude and exhaust exit velocity. The very good fit in the arrival time and amplitude between the simulated and observed signals described above validates the method developed by Dautermann (2009a) , in spite of its simplifications. This also implies that the method can be used to accurately estimate the acoustic energy release of explosive sources via GPS observations of the ionosphere. Consequently, this method could be used to determine the optimal location of GPS receivers for the purpose of detecting and characterizing explosive sources (for example, around suspected nuclear test sites), or to estimate the minimum energy release detectable in given atmospheric conditions, for a given observation network geometry.
Model verification
The best fit value for the atmospheric dispersion parameter b found in this work (0.131) is close to that found by Dautermann et al. (2009) (0.128) . This suggests that these values represent an intrinsic physical property of atmospheric dispersion. The dispersion of atmospheric acoustic waves depends on molecular relaxation absorption, viscous losses and thermal conduction (Bass et al. 2009 ). Relaxation absorption dominates in regimes where the acoustic wavelength is greater than the molecular mean free path (as is the case in this study). This effect is dependent on the ratio of molecular species, temperature and ambient pressure (Sutherland & Bass 2004 ). This opens the possibility that GPS detection of acoustic waves of known origin, timing and amplitude could be used to constrain atmospheric dispersion characteristics, providing an empirical basis with which to study the upper atmosphere. Further studies are required to validate this approach and possibly derive a physical basis for model parameter b. This would strengthen the ability of ground-based GPS observations to characterize energetic acoustic events at or near the Earth's surface.
C O N C L U S I O N S
We have used a network of ground-GPS stations to detect the acoustic perturbation caused by the STS-125 Space Shuttle ascent via its effect on the ionospheric electron content. The data set used here is superior to that used in all previous studies of rocket or shuttle launches because it allowed us to observe and quantify the signal move out across the array and the variations of its amplitude as a function of both distance to the source and observation geometry in relation to the geomagnetic field.
We have successfully reproduced the amplitude and timing of the observed signal using a ray-tracing model derived from Dautermann et al. (2009) , with a moving source whose amplitude is directly scaled by a physical model of shuttle exhaust energy, a dispersive atmosphere and a simplified two-fluid approach that only takes into account collisions between neutral gas and free electrons in the ionosphere. The close match between observed and model waveforms indicates that the modelling assumptions, although fairly simple, are consistent with the data. This raises the possibility of using ground-based GPS networks to estimate the acoustic energy release of explosive sources near the Earth's surface or in atmosphere, and to constrain some atmospheric acoustic parameters.
Because rocket launches are constrained to periods of atmospheric quiescence, the effects of atmospheric wind and temporal variations in atmospheric parameters are minimized. In addition, parameters such as rocket track and launch time are well documented. Finally, networks of continuously operating GPS stations are rapidly expanding in North America and the Caribbean (e.g. http://coconet.unavco.org). Space Shuttle or other rocket launches therefore provide a unique experimental setting in which to test and refine the technique of GPS-TEC detection and modelling of atmospheric acoustic waves. Despite the recent conclusion of the shuttle program, there are a wealth of well documented and unanalysed shuttle launches that will hopefully provide future use to the aeronomy community.
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